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A number of models, developed primarily in the 1980s, propose that Aboriginal Australian 19 
populations contracted to refugia – well-watered ranges and major riverine systems – in 20 
response to climatic instability, most notably around the Last Glacial Maximum (LGM) (~23-21 
18ka). We evaluate these models using a comprehensive continent-wide dataset of 22 
archaeological radiocarbon ages and geospatial techniques. Calibrated median radiocarbon 23 
ages are allocated to over-lapping time slices, and then K-means cluster analysis and cluster 24 
centroid and point dispersal pattern analysis are used to define Minimum Bounding 25 
Rectangles (MBR) representing human demographic patterns. Exploring data between 25-26 
12ka, we find a refugia-type hunter-gatherer response during the LGM (~23-18ka) and again 27 
during the Antarctic Cold Reversal (ACR) (~14.5-12.5ka), with expansion in the intervening 28 
period. Several refugia persist between 25-12ka, including (by Interim Biogeographic 29 
Regionalisation for Australia areas) Gulf Plains/Einasleigh Uplands, Brigalow Belt South, 30 
Murray Darling Depression, and Tasmanian Central Highlands. Others appear sporadically 31 
through the same period. These include South Eastern Highlands, NSW South Western 32 
Slopes, Sydney Basin, Warren, Murchison, Gascoyne, Central and Northern Kimberley, Ord 33 















also have been a refugium during the LGM, but geospatial results are problematic for this 35 
region. Areas devoid of human activity (‘barriers’) include the main desert regions, especially 36 
in the south and west of the continent, although some of these may be the result of an absence 37 
of archaeological fieldwork. Point dispersal pattern analysis indicates a reduction in occupied 38 
territory of nearly 80% during the LGM. A reduction of close to 50% was also evident during 39 
the ACR. A large number of the refugia were in close proximity to glaciated areas during the 40 
LGM, and probably benefitted from increased summer snowmelt along the major river 41 
systems. The remaining refugia are likely the result of a range of local environmental and 42 
resource factors. We identify areas for future research, including a focus on regional studies 43 
to determine possible cryptic or idiosyncratic refugia emerging in phlyogeographic studies. 44 
 45 
Keywords: Last Glacial Maximum, Antarctic Cold Reversal, Terminal Pleistocene, 46 
radiocarbon data, prehistoric movement, geospatial analysis, refugia, minimum bounding 47 
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 49 
1. Introduction 50 
This paper evaluates archaeological models of human responses to climate change during the 51 
Late Pleistocene in Australia, with particular emphasis on the Last Glacial Maximum (LGM) 52 
and the Terminal Pleistocene. The LGM is the most significant climatic event to face modern 53 
humans since their arrival in Australia some 40,000-50,000 years ago. Recent studies have 54 
demonstrated that the LGM in Australia was a period of significant cooling and increased 55 
aridity beginning ~30ka and peaking between ~23-18ka (e.g. Williams et al., 2009; Petherick 56 
et al., 2011; Fitzsimmons et al., 2012). This period saw a decline in annual temperatures by as 57 
much as 10ºC compared with the present day (Miller et al., 1997), glaciation of uplands in the 58 
Snowy Mountains and Tasmania (Barrows et al., 2001, 2002, 2004), a reduction in rainfall by 59 
60% or more, especially in the interior through a weakening of the summer monsoon and 60 
poleward displacement of winter westerlies (Wyrwoll et al., 2000; Wyrwoll and Miller, 2001; 61 
Griffiths et al., 2009), and, linked to the latter, markedly lower lake-levels (Magee et al., 62 
2004). The LGM also resulted in changes in vegetation structure to generally more steppe-63 
like and grassland-dominated environments (Johnson et al., 1999; Petherick et al., 2011), 64 
increased dune activity and dust transport (Fitzsimmons, 2007), and an expansion of the arid 65 
















The subsequent Terminal Pleistocene also saw rapid environmental change. Increasing 68 
temperatures initially outpaced precipitation and probably led to drier conditions than the 69 
LGM (Markgraf et al., 1992; Kershaw and Nanson, 1993). Sea-levels rose by 120m by 12ka 70 
and inundated ~1.6 million km2 of the continental shelf (Hanebuth et al., 2009; Lambeck and 71 
Chappell, 2001; Lambeck et al., 2002). Recent studies show this period to be one of 72 
increasing complexity, with the southern parts of the continent having a brief humid phase 73 
between ~17-15ka before increasing aridity at ~14-10ka, while in the north the lapsed 74 
monsoon saw dry conditions until after 14ka (Fitzsimmons et al., 2012). Between ~14.5-75 
12.5ka, a return to cooler (Antarctic Cold Reversal [ACR]) conditions is widely documented 76 
in ice core records (e.g. Jouzel et al., 1995), although evidence for the event in Australia is 77 
equivocal (e.g Barrows et al., 2002; Fitzsimmons et al., 2012: Figure 9). 78 
 79 
Human response to climate change during the Late Pleistocene has formed a persistent theme 80 
in Australian archaeological research and interpretations for over 30 years. First explored in 81 
the late 1980s in a number of studies, it was hypothesized that during the LGM humans 82 
experienced a major reduction in population size, resulting in settlement contraction and 83 
abandonment across much of Australia (Veth, 1989a, 1989b, 1993; O’Connor et al., 1993; 84 
Smith, 2013). These studies argued for the importance of refugia – well-watered ranges and 85 
major riverine systems – and the abandonment of large tracts of desert and marginal country 86 
(Lampert and Hughes, 1987; Smith, 1988; Hiscock, 1988; Veth, 1989a). Using biogeographic 87 
approaches, Veth (1989b, 1993) summarized these ideas into a conceptual model that 88 
identifies refugia, corridors and barriers for people through the LGM (Figure 2). This ‘Islands 89 
in the Interior’ model emphasizes the importance of persistent water sources in 90 
piedmont/montane uplands and riverine/gorge systems as refugia in periods of climatic 91 
extremes, the three major sand-ridge deserts as continuous barriers, and the rest of the 92 
continent as temporary barriers to occupation during the height of the LGM. Recently, 93 
Simmons (2007) extended the Islands in the Interior model into the Holocene. Focusing on 94 
the Diamantina channel country in southwestern Queensland, Simmons found that territorial 95 
expansion outside core areas and aggregation of populations only occurred when ephemeral 96 
lakes or waters were available, and concluded that the Islands in the Interior model explained 97 
the pulse-like use of marginal areas during favourable climatic conditions. 98 
 99 
The idea that periods of climatic deterioration during the Late Pleistocene resulted in 100 















the case that during the LGM many archaeological sites were abandoned and not re-occupied 102 
until the early Holocene (e.g. Cloggs Cave, Serpent’s Glen rockshelter, Mandu Mandu 103 
rockshelter) (Flood, 1980; Morse, 1988; O’Connor et al., 1998; Smith, 2013; Ulm, 2013). 104 
Those sites that do contain archaeological deposits dating to the Terminal Pleistocene 105 
typically reveal discrete hearths and/or low numbers of artefacts, suggesting only ephemeral 106 
use of the landscape (e.g. Drual rockshelter, New Guinea II cave, ORS 7, Roof Fall cave) 107 
(Ossa et al., 1995; Cosgrove 1996; Bird & Frankel, 1998; Eales et al., 1999). Demography-108 
oriented time-series analyses of radiocarbon dates carried out by Smith et al. (2008) and 109 
Williams (2013) reinforce this picture. These authors found that despite fairly stable 110 
population growth rates of 0.01% over the last 50,000 years, the LGM and ACR saw 111 
significant declines in population of up to 60%, and recovery was not observed until the early 112 
Holocene (Figure 1). 113 
 114 
In contrast, the notion that there were refugia separated by barriers during the LGM and 115 
periods of climatic deterioration during the Terminal Pleistocene is debated. Some studies 116 
support it. For example, in a regional study of the Riversleigh and Lawn Hill regions in 117 
northwest Queensland, Slack (2007) demonstrated that the Gregory River region was a likely 118 
refugium during the LGM. An abandonment of some river systems, reduction in the use of 119 
exotic raw materials and a broadening of diet breadth to focus on lower-ranked resources 120 
were inferred to indicate a contraction into the gorge regions of Riversleigh during the LGM, 121 
before re-expansion of populations after 16ka. However, other studies have contested this 122 
part of the Islands in the Interior model. Hiscock and Wallis (2005), for instance, argued that 123 
deserts were unlikely to have been barriers, because occupation of the interior and the 124 
margins of these features had occurred by ~40-35ka. Rather, they proposed that margins of 125 
desert regions with nearby co-ordinated drainage would have formed a focus of occupation 126 
prior to the LGM, and only abandoned briefly during the driest parts of the LGM (see also 127 
Smith, 1993). Smith (2013) has also argued for a more complicated response to glacial 128 
conditions than envisaged by the Islands in the Interior model. Smith used phylogeographic 129 
studies of endemic plant and animal species to suggest a model of cryptic or idiosyncratic 130 
refugia in which human populations survive across the continent as scattered occurrences and 131 
at low densities, effectively in pockets of microhabitat (see also Byrne, 2008; Neaves et al., 132 
2012). He conceded that some regions may have been abandoned, but suggested that this was 133 
likely of only marginal areas within local territories, and that direct evidence for 134 
















Here we report a study that was designed to shed light on the uncertainty about the claim that 137 
during periods of climatic deterioration in the Late Pleistocene humans populations 138 
contracted into refugia separated by barriers. In the study, we used the most comprehensive 139 
radiocarbon dataset for archaeological sites across Australia and exploratory geospatial 140 
analytical techniques to examine human activity and occupation through the LGM and 141 
Terminal Pleistocene. While preliminary, the results of the study suggest that there were 142 
major changes in the relative density of human populations in the different biogeographic 143 
regions of Australia during the Late Pleistocene, as predicted by the Islands in the Interior 144 
model. 145 
 146 
2. Key Assumptions and Limitations 147 
 148 
Several assumptions underpin this analysis. Despite the authors (AW and SU) compiling all 149 
published and extensive unpublished archaeological radiocarbon data for the Australian 150 
continent, few data fall before 25ka, and this constrains the starting date of our analysis to the 151 
peak of the LGM, rather than earlier parts of the Pleistocene. Four-hundred-and-seventy-152 
seven dates fall between 25-12ka. While a relatively low number, this broadly conforms with 153 
sample size requirements for time-series analysis techniques based on methods in Williams 154 
(2012). The results produced here will, however, not be as robust as for later periods into the 155 
Holocene where more data are available. The analysis should therefore be considered a pilot 156 
study to be supplemented as more data become available. 157 
 158 
Time-series radiocarbon data are now frequently used as a proxy for human activity or 159 
prehistoric population size (e.g. Buchanan et al., 2008, 2011; Collard et al., 2010a, 2010b; 160 
Peros et al. 2010; Smith et al. 2008; Williams et al. 2008, 2010; Williams, 2012, 2013). 161 
Analysis and interpretation of this form of data is complex and has several limitations 162 
(Williams, 2012). In Australia the two main criticisms of the technique include: 1) how 163 
detrital charcoal in archaeological sites (i.e. samples not recovered from features directly 164 
attributable to humans such as hearths, burials, etc) relates to the archaeological record; and 165 
2) whether the radiocarbon data reflect demographic change, or changing behaviour in 166 
hunter-gatherer societies (i.e. more dates equals greater mobility, rather than more people). 167 
Recent work by Williams (2012, 2013) has sought to address these issues, and demonstrated 168 















human activity within archaeological sites and can be reliably used. Williams’ work also 170 
shows that the radiocarbon data correlate well with other archaeological indices (such as 171 
artefact discard rates), and provides greater certainty that the data reflects demographic 172 
change. Here, we similarly assume the data can be broadly attributed to demographic change. 173 
However, it is worth noting that the form of geospatial analysis adopted in this paper does 174 
allow alternate interpretations to be made. 175 
 176 
A further limitation of the analysis of time-series radiocarbon data is taphonomic bias – the 177 
over-representation of younger sites due to the loss of older sites from environmental and 178 
climatic factors. In standard time-series approaches, statistical techniques have been 179 
developed to allow correction of the data to accommodate for taphonomic loss (e.g. Surovell 180 
et al., 2009; Williams 2012). However, we currently have no way to apply such correction to 181 
the geospatial analysis undertaken here, and we acknowledge this as potential a limitation of 182 
the study. 183 
 184 
Lastly, while we acknowledge recent advances in phylogeography suggesting cryptic or 185 
idiosyncratic refugia across Australia – the use of microhabitats by a reduced population 186 
across all parts of the continent – time-series data alone are not detailed enough to identify 187 
these regions. We therefore focus our study on the identification of macro-scale refugia, 188 
barriers and corridors, within which to explore these more complex settlement patterns as 189 
data become available. 190 
 191 
3. The Dataset 192 
This paper uses the most comprehensive radiocarbon dataset for the Australian continent 193 
assembled to date. The dataset contains over 5000 published and unpublished dates and 194 
covers the whole of mainland Australia as well as Tasmania. The dataset has been published 195 
sequentially (AustArch 1, AustArch 2, Austarch 3, Index of Dated Archaeological Sites in 196 
Queensland) (Ulm and Reid, 2000; Williams et al., 2008; Williams and Smith, 2012, 2013), 197 
and includes the unpublished Pleistocene Sahul Archaeological Site Dataset (Langley, 2009). 198 
Despite the dataset encompassing all published and extensive unpublished data, only 477 199 
dates from 136 sites can be assigned to 25-12ka (Figure 3) and therefore can be used in the 200 
analysis. 201 
 202 















dates with suitable information (including spatial location, sample material type, context, etc) 204 
and not considered erroneous by the researcher were included in the analysis. For the purpose 205 
of this analysis, the data include terrestrial (n=469) and marine (n=8) dates, and are divided 206 
into major bioregions (after Thackway and Cresswell, 1995) (Figure 4). For spatial analysis, 207 
each date is represented by a point with latitude and longitude coordinates projected into 208 
Lambert Conformal Conic projection (GDA 1994 Geoscience Australia).  209 
 210 
The strengths of the dataset include a wide geographical range covering over 7 million km2, 211 
encompassing major bioregions, including arid, semi-arid, semi-tropical, tropical, and 212 
temperate zones; and a wide variety of archaeological site types and contexts (including 213 
rockshelters, burials, shell middens, earth mounds, hearths, rock engravings, fish traps, stone 214 
arrangements and open sites). However, the dataset has poor coverage in areas where field 215 
research has been limited (see Langley, 2009 and Langley et al., 2011 for discussion) and is 216 
dominated by data derived from Holocene sites. 217 
 218 
4. Methods 219 
All radiocarbon data were calibrated using Oxcal (version 4.1) (Bronk Ramsey, 2009). 220 
Terrestrial dates were calibrated using INTCAL09 and marine dates using MARINE09 221 
(Reimer et al., 2009) with ∆R values after Ulm (2002, 2006). Oxcal was used to obtain a 222 
median value for each radiocarbon date (95.4% confidence). We acknowledge that when 223 
calibrating a radiocarbon date, the age may occur anywhere within the minimum and 224 
maximum values provided by the calibration program (rather than the median value). 225 
However, on average, calibrated ages in the dataset had less than a 400 year range, and would 226 
have remained within the same time slice (52-75% of the time) regardless of which part of 227 
the calibrated age range was selected. 228 
 229 
Spatial analysis of these median calibrated values was undertaken in ArcGIS, R and 230 
Geospatial Modelling Environment (GME) software using a three-step process after the 231 
method outlined by Chilès and Delfiner (2012). These steps are 1) allocating points to over-232 
lapping time slices, 2) K-means cluster analysis, and 3) cluster centroid and point dispersal 233 
pattern analysis.  234 
 235 
The purpose of using over-lapping time slices was to divide the dataset into discrete time 236 















were considered statistically distinct. An alternative technique was to use firm thousand year 238 
time slices, but if this approach was adopted then calibrated dates of, for example, 19,005 and 239 
19,995 would have been considered ‘the same’ and resolution would have been reduced, 240 
whereas in over-lapping time slices they are not (i.e. de-clustering). Given the low number of 241 
data available for the analysis, it was considered that the loss of data through the use of firm 242 
slices was unacceptable and over-lapping ones were instead adopted. In addition, trials 243 
indicated that using firm time slices would have increased the number of dates with 244 
calibration age ranges outside their respective slice, and increased uncertainty in the results. 245 
 246 
Over-lapping time slices were created by using Moran’s Local I test (Anselin, 1995) to 247 
remove any spatial outliers within a 2,000 year time slice, commencing with all calibrated 248 
radiocarbon dates between 25ka to 23ka BP. Subsequently, the mean and standard deviation 249 
of calibrated dates at the same location was calculated and any points with values greater than 250 
mean ± 1 SD were removed and re-evaluated within the next chronologically younger time 251 
slice. Following this assignment of data to individual time slices, all points were converted 252 
into a 10km2 grid and then back into points in order to ‘average’ calibrated data values within 253 
local neighbourhoods, and to de-cluster the dataset removing bias from the subsequent K-254 
means analysis. This stage was used to ensure that areas where archaeological research has 255 
been extensive, multiple LGM dates have been obtained from the same site (e.g. Narwala 256 
Gabarnmang rockshelter) (David et al., 2011), and/or Pleistocene landscapes are readily 257 
apparent (e.g. Murray Darling Depression) did not overwhelm the analysis and mask any real 258 
trends. 10km2 was considered the optimum size, with a range of larger grid sizes continuing 259 
to retain bias in subsequent stages of the analysis. No point was used more than once in the 260 
entire analysis. 261 
 262 
After data were allocated to the time slices, a partitioning clustering technique, K-means, was 263 
implemented (Hartigan, 1975, 1977). K-means clustering is a statistical method for grouping 264 
data. It aims to partition observations into k clusters in which each observation belongs to 265 
the cluster with the nearest mean (in our case the latitude and longitude position of the point). 266 
The output of the analysis is a centroid representing the centre point (mean latitude and 267 
longitude) of the observations included in the cluster, along with a rectangle that represents 268 
the minimum bounding extent of all observations included in that cluster. K-means is an 269 
iterative process in which points are assigned to a predetermined number of clusters (k) 270 















and Lake, 2006). Points are subsequently allocated to the cluster they are nearest to and as 272 
new points are added, the centre of the cluster is re-defined and the point-cluster relationship 273 
re-evaluated to a maximum number of iterations (n=100). The results are evaluated by 274 
studying the squared Euclidean distances between each point and their respective cluster 275 
centroid (Figure 5). In our study, we used the ‘elbow’ method to determine the optimum 276 
number of clusters to explain the data. In statistical terms the elbow represents the point 277 
where percentage variance against the number of clusters reaches a threshold where adding 278 
another cluster does not reduce overall variance, and therefore ceases to give a much better 279 
model of the data (see Chiang and Mirkin 2007 for an evaluation of techniques). Relative to 280 
other clustering techniques, K-means strength is faster and produces more discrete clusters. 281 
However, it is a stochastic process, so it may not yield the same results on each model run 282 
(the stochasticity arises as the initial seeding point is generated randomly in dimensionless 283 
space). This is addressed by re-running the model with the same parameters and performing 284 
diagnostic checks on any systematic inconsistencies. Ultimately the analyst must exercise 285 
judgement in relation to the number of clusters, which can be challenging where there is 286 
convergence to a local minimum (as seen in the Western Australia, where obvious clusters in 287 
include unrelated points in central Australia – see discussion below). 288 
 289 
Using the K-means results, the final stage of the analysis was to evaluate changes to the 290 
cluster centroid and point dispersal pattern. The point dispersal pattern is visualised by 291 
creating minimum bounding rectangles (MBR); the rectangle demonstrates which points are 292 
assigned to which cluster centroid. From an archaeological perspective, these rectangles 293 
theoretically represent the range of human groups associated with each cluster centroid. 294 
Additional exploration of convex hull approaches were also undertaken. This approach 295 
explores the relationship of a point with the cluster centroid through direct measurement of 296 
each point back to the centre producing irregular polygons or bounding boxes. The analysis 297 
indicated that the convex hull approaches produced very similar trends to the MBRs, but 298 
were generally 38% on average smaller. Given, we are interested in the broad trends in this 299 
paper, rather than quatitative values, we have opted to use the MBR results below. 300 
 301 
5. Results 302 
The K-means analysis yields a relatively consistent number of cluster centroids for each time 303 















appears to be little trend in the number of clusters, although there is a slight increase from 305 
19ka onwards (Table 1). 306 
 307 
Spatially, there are several peristent clusters throughout 25-12ka, including (by Interim 308 
Biogeographic Regionalisation for Australia [IBRA] areas) the Murray Darling Depression, 309 
Tasmanian Central Highlands, Gulf Plains/Einasleigh Uplands, Warren, Brigalow Belt South, 310 
and Gascoyne/Murchison (Figure 6). The Gulf Plains/Einasleigh Uplands show some of the 311 
most stable results and dispersion patterns throughout the LGM and Terminal Pleistocene, 312 
with possible expansion only between 16-14ka. Based on the MBR distribution (see below), 313 
it is likely that the Gascoyne/Murchison is an artefact of the analysis – outhwestern sites 314 
being incorporated into the Pilbara sites, and dragging the cluster centroid south. These 315 
clusters should probably reflect occupation of the Pilbara region, and highlight one of the 316 
limitations with this type of analysis. 317 
 318 
Other cluster centroids are evident through parts of the LGM, but not into the Terminal 319 
Pleistocene, including the Nullarbor, Great Sandy Desert, Southeastern Highlands, Ord 320 
Victoria Plain/Central and Northern Kimberley, and NSW South Western Slopes (Figure 7). 321 
While a number of these IBRA areas are considered arid or semi-arid, the archaeological sites 322 
and cluster centroids are generally located on their periphery and may reflect the use of the 323 
margins rather than occupation within the bioregion (e.g. JSN site, Puritjarra rockshelter, 324 
Koonalda Cave, Allens Cave).  325 
 326 
Several cluster centroids begin to appear in the Terminal Pleistocene, including Central 327 
Ranges, MacDonnell Ranges, Avon Wheatbelt/Coolgardie, Arnhem Plateau/Pine Creek, 328 
Mulga Lands/Channel Country, Sydney Basin (and surrounds), and Mulga Lands/Channel 329 
Country (Figure 6), and suggest increasing occupation or expansion across Australia during 330 
this period. In west and northwest Australia, cluster centroids are all in similar locations 331 
through the LGM, before increasing spatial dispersion in the Terminal Pleistocene. There 332 
may have been general abandonment of much of this region with few cluster centroids 333 
evident between 17-12ka (Figure 6).  334 
 335 
The ACR (~14.5-12.5ka) saw a slight contraction of centroids from the preceding periods, 336 
with most clusters focussed in the eastern portion of the continent (Figure 6). In addition to 337 















Stony Plains, and Nandewar. With the exception of Nandewar (on the east coast of 339 
Australia), several of these may be an artefact of the analysis, which has few data points 340 
during this period – the analysis combining central Australian sites with those on the 341 
periphery of the continent, and thereby dragging the centroids into marginal parts of the arid 342 
interior. 343 
 344 
The MBRs are presented in Figure 6. They suggest that there are a number of patterns in the 345 
data, although the broad scale nature of the analysis makes interpretation complex. This is 346 
especially the case in western and southwestern Australia, where the few data values 347 
available have combined regions (such as the Pilbara and Warren) that were probably never 348 
linked archaeologically. However, taking these limitations into account, the MBRs suggest a 349 
relatively small dispersal area during the early part and peak of the LGM (25-19ka), 350 
especially in the Gulf of Carpentaria and southeastern Australia, before expansion between 351 
19-15ka. The period between ~14.5-12.5ka (ACR), again, saw range contraction, albeit on a 352 
lesser scale than the LGM. Plotting the size of MBRs through time for the eastern portions of 353 
Australia (where our data are strongest) clearly shows this pattern with initial values of ~2.4 354 
million km2 at 24ka; dropping to ~0.56 million km2 at 21ka; increasing to ~2.2 million km2 at 355 
15ka; and finally falling to values of ~1.3 million km2 at 13ka (Figure 7). This suggests a 356 
decrease of some 77% of MBR area through the onset and peak of the LGM.  357 
 358 
Through the LGM, there were several areas that were not encompassed within MBRs, and 359 
suggest an absence of human activity during this period, including the Gibson Desert; Great 360 
Victoria Desert; Central Arnhem; Arnhem Coast; Simpson Strzelecki Desert; Stony Plains; 361 
Gawler; and parts of the Nullarbor, Central Ranges, Gulf Fall and Uplands, Burt Plains, 362 
Mitchell Grass Downs and Channel Country. Cumulatively, these regions would have formed 363 
a 500km (or more) barrier across the entire length of the continent. There is also some 364 
suggestion of a barrier between the west coast and central Australia. Several of these regions 365 
remain devoid of MBRs throughout 25-12ka, and indicate movement through these regions 366 
was low, and occupation unlikely. We stress, however, that in many cases these apparent 367 
barriers more likely reflect an absence of archaeological fieldwork rather than a true barrier to 368 
human mobility. 369 
 370 
















For the first time, we use statistical techniques to assess the Late Pleistocene conceptual 373 
hunter-gatherer refugia models that have been developed for Australia. Using the most 374 
comprehensive continental archaeological radiocarbon dataset available, we suggest several 375 
areas that were likely refugia for Aboriginal populations through the LGM and ACR. The 376 
analysis further indicates an expansion and relocation of populations in the intervening 377 
period, ~19-15ka. We must acknowledge, however, that the data are still temporally and 378 
spatially patchy and the results presented here should be considered a first attempt into the 379 
use of these type of techniques to address spatial archaeological questions in Australia. 380 
 381 
Only one time slice in our analysis is available during the initial onset of the LGM, 25-23ka. 382 
This interval shows a low number of cluster centroids and very large MBRs. This may be a 383 
reflection of the limited data available, but does correlate with our current knowledge of the 384 
period, specifically that pre-LGM archaeological records all indicate low numbers of highly 385 
mobile prehistoric people (Beaton, 1983; Smith, 2013; cf. Birdsell, 1957). Williams (2013) 386 
has recently proposed continental population estimates in the order of 20,000 people prior to 387 
the LGM, and applying this to the MBR areas would equate to 1 person per ~120-170km2, 388 
values that correlate well with ethnographic observations of hunter-gatherers in the poorer 389 
resourced (more arid) zones of Australia (e.g. Gould, 1969; Long, 1971; Berndt, 1972; Cane, 390 
1990; Keen, 2004).  391 
 392 
As the LGM intensifies between 22-19ka (time slices 24-22ka, 23-21ka, 22-20ka, 21-19ka), 393 
cluster centroids converge into a small number of bioregions and the size of the MBRs reduce 394 
by some 77% in eastern Australia. We interpret this process as populations contracting into 395 
well-resourced refugia environments as one response to climatic deterioration through this 396 
period. Assuming the MBRs provide an indication of territory used, this reduction suggests a 397 
shift in foraging and social strategies from highly mobile practices to increased use of local 398 
resources and abandonment of more marginal areas (Gould, 1982, 1991; Veth, 1989b). This 399 
form of response was probably also dictated by significant population collapse during this 400 
time (Williams, 2013), that may have hindered other survival mechanisms such as trade and 401 
exchange systems. This reduction in foraging and social strategies is also reflected in the 402 
distribution of material culture whose primary role centers around the mediation of social 403 
relationships (i.e. body ornamentation, rock art and potentionally notational pieces), with 404 
these items all decreasing in the archaeological record at this time (Langley, 2009; Langley et 405 
















The persistence of occupation during the peak of the LGM in the Murray Darling Depression, 408 
South Eastern Highlands/NSW South Western Slopes and the Tasmanian Central Ranges can 409 
all be readily explained as climatic refugia, with glaciation of the Australian Alps, Snowy 410 
Mountains, Victorian Alps, Ben Lomond Plateau and West Coast Ranges (Barrows et al., 411 
2001, 2002, 2004) leading to increased summer snowmelt along the surrounding river 412 
systems through this period. High lake-levels in the Willandra Lakes system, in the heart of 413 
the Murray Darling Depression, are considered a result of snowmelt feeding the 414 
Murrumbidgee and Lachlan Rivers (Bowler et al., 2012), and similar mechanisms probably 415 
occurred for the major river systems in central and western Tasmania. Several of the 416 
Tasmanian rockshelters that show peak occupation around the LGM are in close proximity to 417 
(probable) glacially-fed rivers, including Parmerpar Meethaner (Forth River), Pallawa 418 
Trounta (Acheron River) and Wareen (Upper Maxwell River) (Cosgrove, 1995; Stern and 419 
Allen, 1996; Allen, 1996). Similarly, the highest occupation evident in the Willandra Lakes 420 
system occurs through the LGM (e.g. Balme and Hope, 1990; Webb et al., 2006; Smith et al., 421 
2008). The headwaters of Maribyrnong River in central Victoria, where several sites around 422 
Keilor date to the LGM period (e.g. Godfrey et al., 1996), also starts in the Victorian Alps. In 423 
the Sydney Basin, Williams et al. (2012) have shown intense occupation on the banks of the 424 
Hawkesbury River through the LGM and Terminal Pleistocene, and hypothesised that 425 
increased snowmelt in the Blue Mountains may have sustained populations during this 426 
period. Dense occupation deposits at Mannalargenna Cave on Seal Island in Bass Strait 427 
during the LGM (Brown, 1993), suggest marine resources may also be a factor in the 428 
Tasmanian refugium. 429 
 430 
The reduction in rainforest to more open productive plains allowing pursuit of the red necked 431 
wallaby and other game was also likely to be a key factor in Tasmanian settlement during the 432 
LGM (Colhoun and Shimeld, 2012; Cogrove, 1995; Stern and Allen, 1996). A similar 433 
explanation may also account for ongoing human occupation of southwest Australia. Dortch 434 
and Wright (2010) demonstrated the hunting and exploitation of large macropods (and other 435 
game) throughout the LGM, but became increasingly difficult as the vegetation canopy closes 436 
in the Holocene, with complex hunting practises and greater numbers of people being 437 
















With the exception of the snowmelt-fed refugia above, only the Brigalow Belt South and the 440 
Gulf Plains/Einasleigh Uplands show consistent use throughout the late Pleistocene. 441 
Fieldwork projects along the Norman River, Gregory River, and Lawn Hill (Hiscock, 1988; 442 
Cosgrove et al., 2007; Slack et al., 2004; Slack, 2007; Wallis et al., 2009) have all 443 
demonstrated the refugia qualities of the Gulf Plains/Einasleigh Uplands previously, a finding 444 
now supported statistically here. It is interesting to note that the Pama-Nyungan language is 445 
argued to have expanded from this region in the early Holocene shortly after this long period 446 
of stability (McConvell, 1996; Smith, 2005). The importance of the Brigalow Belt South 447 
most likely stems from its location on the headwaters of parts of the Murray Darling river 448 
system and its encompassment of the Fitzroy River catchment. Croke et al. (2011) have 449 
recently demonstrated that the Fitzroy River remained active during the LGM, in contrast to 450 
most other parts of sub-tropical and tropical Queensland. Godwin (2012) has recently also 451 
proposed a close link between Artesian Basin mound springs (a priori groundwater 452 
availability) and archaeological sites (including the Brigalow Belt South) during the LGM. 453 
 454 
The rationale for the ongoing use of the remaining refugia (Kimberley region, Pilbara, 455 
Murchison, Gascoyne, Sydney Basin, Warren and Nullabor) is unclear. All of these 456 
bioregions appear to be situated within the main monsoon or westerly belts (Sturman and 457 
Tapper, 1996), although both systems were severely reduced (or completely absent) during 458 
the LGM and Terminal Pleistocene. There is some evidence for ongoing albeit episodic and 459 
sporadic rainfall across various parts of Australia through the LGM and Terminal Pleistocene 460 
(e.g. Rittenour et al., 2000; Petherick et al., 2011), but it is likely that a range of local 461 
environmental and resource factors may prove a more suitable explanation for the continuous 462 
use of these regions.  463 
 464 
The refugia in the western portion of Australia are problematic owing to the analysis 465 
combining the low numbers of data in the southwest, with those of the Pilbara. Based on the 466 
archaeological evidence, there is little evidence for human activity in the LGM/Terminal 467 
Pleistocene in Murchison or Gascoyne area, with the possible exception of Serpent’s Glen 468 
rockshelter just prior to the LGM (O’Connor et al., 1998). Most of the archaeological sites 469 
exhibiting LGM occupation occur on the gorges along the Hamersley Ranges, including 470 
Milly’s Cave, Yirra, Juukan 2, Malea (Marwick, 2002; Edwards and Murphy, 2003; Veitch et 471 
al., 2005; Slack et al., 2009), and we therefore believe the Pilbara bioregion should be 472 















that several sites in the Pilbara were abandoned during the peak of the LGM (Manganese 474 
Gorge 2, Juukan-1, Newman P2055, GRE8, Mandu Mandu, Riwi and Jansz) and suggests 475 
that the human response in this region may provide an example of a cryptic refugia, with 476 
people moving away from the edges of the plateau into more reliable water on the plateau 477 
itself with a re-organisation of land-use, involving fewer sites in marginal areas on the 478 
plateau and contraction toward use of focal waters associated with major gorge systems. 479 
 480 
Following the LGM, cluster centroids start to become spatially divergent and the MBRs 481 
increase, suggesting a re-organisation of populations as climate ameliorates. Increasing 482 
activity is evident in the southeastern corner of Australia, and across much of Western 483 
Australia, and may be in response to increasing humid conditions in the southern part of the 484 
continent during this time (Fitzsimmons et al., 2012). Here again the distribution of material 485 
culture supports the notion of a re-organisation of populations and their social systems at this 486 
time. In particular, those artefacts which had previously decreased in the archaeological 487 
record as the LGM intensified (ornamentation, rock art, pigment use etc), now begin to 488 
increase in the archaeological record with populations increasing, and conditions improving 489 
environmentally and climatically (Langley, 2009; Langley et al., 2011). 490 
 491 
There is little palaeo-climatic evidence of the ACR in Australia, although here again we see a 492 
reduction in MBRs of up to 47%, and a possible return of populations into broad refugia 493 
areas. Previous time-series analyses have also shown a decline in the number of radiocarbon 494 
dates during this climatic event, which was inferred as falling populations in response to 495 
increasing climatic variability (Williams, 2012, 2013). However, in contrast to the LGM were 496 
critical population and/or climatic thresholds may have been crossed, social interaction 497 
appears uninterrupted by the ACR, with the deposition of symbolic material culture into the 498 
archaeological record continent wide increasing exponentially. Evidence for many time-499 
invested cultural behaviours including, the production of rock art, ritual burials, and the 500 
manufacture and transport of ornamentation become more and more frequent. Furthermore, 501 
forms of cultural expression never before identified in the archaeological record appear, such 502 
as the intentional deformation of crania as seen at Cohuna, Kow Swamp, Coobool Creek and 503 
Nacurrie (Antón and Weinstein 1999; Brown 1981; Langley et al. 2011; Pardoe 1993).   504 
 505 
In relation to barriers to prehistoric movement and occupation, several bioregions remain 506 















main desert regions of Australia, including the Gibson Desert, Great Victorian Desert, 508 
Simpson-Strzelecki Desert and Little Sandy Desert. Several studies across these and other 509 
surrounding regions demonstrate Holocene deposits (Figure 3) showing that they have been 510 
investigated, but fail to identify Pleistocene use. This strongly suggests that they are true 511 
barriers to human movement. However a number of regions contain no archaeological data 512 
and it is therefore unclear whether these were barriers, or have simply yet to be adequately 513 
characterised archaeologically.  514 
 515 
Using our analysis, we have developed a new model of refugia across Australia (Figure 8). 516 
This model presents only those areas that can be reasonably confidently identified as refugia. 517 
Due to the uncertainty of the barriers outlined above, which may relate to an absence of 518 
archaeological data, we have not considered them in the model. Similarly, those areas that 519 
cannot be characterised have been left undetermined at this stage, and warrant further 520 
consideration as data become available. Generally, our model is quite similar to Veth’s 521 
(1989b, 1993) (Figure 2). In most cases, the general regions of refugia are the same, although 522 
the adoption of bioregions provides a more accurate delineation of the edges of such zones. 523 
We have identified larger areas along the Gulf of Carpentaria and in the Murray Darling 524 
Depression, and smaller areas in the Kimberley and southwest Australia. The Brigalow Belt 525 
South is identified in both models, but the focus of our refugium is further west, closer to 526 
Roma than Rockhampton as proposed by Veth. In central Australia, Veth identifies both the 527 
MacDonnell Ranges and Central Ranges, whereas our map only identifies the latter. 528 
Archaeologically, both ranges were probably used during the LGM and Terminal Pleistocene, 529 
but our analysis combined data between the Nullarbor and central Australia, and moved the 530 
centroids south. In the west, Veth proposes the Pilbara and much of southwest Australia as 531 
refugia, as outlined above our analysis had data issues in these areas. Based on recent 532 
archaeological evidence, we agree with Veth’s identification of the Pilbara, but believe that 533 
the southwest Australian refugium is overly large, and should probably only include the 534 
coastal fringe (Warren).  535 
 536 
In terms of barriers, our data are too patchy to provide a definitive comparison with Veth’s 537 
original model. There is some evidence that the major desert systems were not occupied or 538 
utilised during the LGM and Terminal Pleistocene, but this may be reflection of patterns and 539 
intensity of archaeological research, rather than actual barriers to human occupation (Langley 540 















and Mulga Lands, all of which were previously identified as barriers, and this suggest a 542 
reduction in the areas proposed by Veth may be warranted.  543 
 544 
7. Conclusion 545 
In this pilot study, we explore the conceptual refugia-corridor-barrier models proposed by 546 
archaeologists over the last three decades to explain human response to climatic instability 547 
through the LGM and Terminal Pleistocene. Using a comprehensive dataset of radiocarbon 548 
dates from archaeological sites across Australia, and geospatial analysis, we conclude that 549 
some bioregions were preferred by people through this period, and can be considered refugia. 550 
We also identify several areas that were abandoned and/or never used, and can be considered 551 
barriers in accordance with these models. We highlight that several of these refugia persisted 552 
throughout the Terminal Pleistocene, and suggest that hunter-gatherers may have struggled to 553 
adapt to the climatic instability evident through this period. We stress, however, that the 554 
archaeological data for this period are still spatially and temporally patchy, and that 555 
consequently these results should be considered preliminary. 556 
 557 
Adopting cluster analysis, we identify between 6 and 9 refugia in 2,000 year time slices 558 
between 25-12ka. Of these, several areas are consistently highlighted as of importance to 559 
people, including (by IBRA bioregion) Gulf Plains/Einasleigh Uplands, Murray Darling 560 
Depression, and Tasmanian Central Highlands. Other areas were used less consistently, but 561 
still contain several periods of activity and include the South Eastern Highlands, NSW South 562 
Western Slopes, Sydney Basin, Central and Northern Kimberley, Arnhem Plateau, 563 
MacDonnell Ranges, Central Ranges, Murchison, Gascoyne and Warren. Archaeological 564 
evidence also suggests that the Pilbara formed a refugium during the LGM, but our analysis 565 
of Western Australia proved problematic owing to the low number of data points in some 566 
areas.  567 
 568 
We postulate that these refugia can be explained through a range of local environmental and 569 
climatic conditions making them favourable to hunter-gatherers during periods of resource 570 
stress, most notably the exploitation of snowmelt from increased glaciation in the uplands, 571 
feeding river systems across southeastern Australia and Tasmania. In Tasmania and 572 
southwest Australia, changing vegetation pattern to more open conditions and leading to 573 
modifications of hunting strategies may also have played a role. Elsewhere, local 574 
















Using point dispersal patterning, we demonstrate that the size of each cluster’s ‘catchment’, a 577 
proxy for population territory, was significantly reduced during the peak of the LGM (by 578 
some 77% in eastern Australia from previous or subsequent time intervals), and suggest a 579 
change in foraging and social strategies through this period. Increased effective territory 580 
occupation only increases between 19-15ka to pre-LGM levels, before again decreasing with 581 
the onset of the ACR.   582 
 583 
Our analysis correlates well with the Islands in the Interior model proposed by Veth (1989b, 584 
1993). By adopting the use of bioregions, our map provides a more accurate delineation of 585 
possible refugia, and in so doing changes their size and location as considered by Veth, but in 586 
general both highlight similar areas. Our map, however, only includes regions that have 587 
archaeological information, and for this reason several areas, remained undetermined as to 588 
their relevance to people through this period.  589 
 590 
The analysis undertaken here provides greater reliability in the largely conceptual models 591 
proposed by researchers in the 1980s and 1990s. We highlight a number of regions that were 592 
probably refugia during periods of climatic instability. These areas should now form a focus 593 
of more detailed research to both confirm/refute their assignment as refugia. Further, given 594 
recent phylogeographic results, detailed regional studies need to be undertaken in these 595 
bioregions to identify more complex cryptic or idiosyncratic refugia responses that may be 596 
evident in the archaeological record.  597 
 598 
Acknowledgements 599 
AW is also supported by Archaeological and Heritage Management Solutions Pty Ltd. SU is 600 
the recipient of an Australian Research Council Future Fellowship (project number – 601 
FT120100656). This research was supported under Australian Research Council's Discovery 602 
Projects funding scheme (project number DP130100334). MC is supported by the Canada 603 
Research Chairs Program, the Social Sciences and Humanities Research Council, the Canada 604 
Foundation for Innovation, the British Columbia Knowledge Development Fund, and Simon 605 
Fraser University. We thank M.A. Smith, P. Veth, L. Robin, P. Hiscock, W. Steffen, C.S.M 606 
Turney, P. Douglas and N. Williams for assistance. We also thank two anonymous reviewers 607 

















Allen, J., 1996. Warreen Cave. In: Allen, J. (ed.), Report of the Southern Forests 611 
Archaeological Project. Volume 1. Site Descriptions, Stratigraphies and Chronologies. La 612 
Trobe University, Melbourne, pp. 135-167. 613 
 614 
Anselin, L., 1995. Local Indicators of Spatial Association—LISA. Geographical Analysis 615 
27(2), 93-115. 616 
 617 
Antón, S.C., Weinstein, K. J., 1999. Artificial cranial deformation and fossil Australians 618 
revisited. Journal of Human Evolution 36, 195-209. 619 
 620 
Balme, J., Hope., J., 1990. Radiocarbon dates from midden sites in the lower Darling River 621 
areas of western New South Wales. Archaeology in Oceania 25(3), 85-101. 622 
 623 
Barrows, T.T., Stone, J., Fifield, L.K., Cresswell, R.G., 2001. Late Pleistocene glaciation of 624 
the Kosciuszko Massif, Snowy Mountains, Australia. Quaternary Research 55, 179-189.  625 
 626 
Barrows, T.T., Stone, J., Fifield, L.K., Cresswell, R.G., 2002. The timing of the Last Glacial 627 
Maximum in Australia. Quaternary Science Reviews 21, 159-173. 628 
 629 
Barrows, T.T., Stone, J.O., Fifield, L.K., 2004. Exposure ages for Pleistocene periglacial 630 
deposits in Australia. Quaternary Science Reviews 23, 697-708. 631 
 632 
Beaton, J.M., 1983. Does intensification account for changes in the Australian Holocene 633 
archaeological record. Archaeology in Oceania 18, 94-97.  634 
 635 
Berndt, R.M., 1972. The Walmadjeri and Gugadja. In: Bicchieri, M.G. (ed.), Hunters & 636 
Gatherers Today: A Socioeconomic Study of Eleven Such Cultures in the Twentieth Century. 637 
Holt, Rinehart & Winston, New York, pp. 177-216. 638 
 639 
Bird, C.F.M., Frankel, D., 1998. Pleistocene and early Holocene archaeology in Victoria. A 640 
view from Gariwerd. The Artefact 21, 48-62. 641 
 642 















Harbor Symposia on Quantitative Biology 22, 47-69. 644 
 645 
Bowler, J., Gillespie, R., Johnston, H., Boljkovac, K., 2012. Wind v water: Glacial maximum 646 
records from the Willandra Lakes. In: Haberle, S.G., David, B. (eds.), Peopled Landscapes: 647 
Archaeological and Biogeographic Approaches to Landscapes. Terra Australis 34. The 648 
Australian National University, Canberra, pp. 271-296. 649 
 650 
Bronk Ramsey, C., 2009. Bayesian analysis of radiocarbon dates. Radiocarbon 51(1), 337-651 
360. 652 
 653 
Brown, P., 1981. Artificial cranial deformation: A component in the variation in Pleistocene 654 
Australian Aboriginal. Archaeology in Oceania 16(3), 156-167. 655 
 656 
Brown, S., 1993 Mannalargenna Cave: a Pleistocene site in Bass Strait. In: Smith, M.A., 657 
Spriggs, M. Fankhauser, B. (eds.), Sahul in Review: Pleistocene Archaeology in Australia, 658 
New Guinea and Island Melanesia. Occasional Papers in Prehistory 24.  Department of 659 
Prehistory, Research School of Pacific Studies, Australian National University, Canberra, pp. 660 
258-271 661 
 662 
Buchanan, B., Hamilton, M.J., Edinborough, K., O’Brien, M.J. and Collard, M., 2011. A 663 
comment on Steele’s (2010) “Radiocarbon dates as data: quantitative strategies for estimating 664 
colonization front speeds and event densities” Journal of Archaeological Science 38, 2116-665 
2122. 666 
  667 
Buchanan B, Collard, M., Edinborough, K., 2008. Paleoindian demography and the 668 
extraterrestrial impact hypothesis. Proceedings of the National Academy of Sciences USA669 
105, 11651-11654. 670 
 671 
Byrne, M., 2008. Evidence for multiple refugia at different time scales during Pleistocene 672 
climatic oscillations in southern Australia inferred from phylogeography. Quaternary Science 673 
















Cane S., 1990. Desert demography: A case study of pre-contact Aboriginal densities. In 676 
Meehan B., White N. (eds.), Hunter-Gatherer Demography Past and Present. Oceania 677 
Monograph 39, University of Sydney, Sydney, pp. 149-159. 678 
 679 
Chiang, M.M.T., Mirkin, B., 2007. Experiments for the Number of Clusters in K-Means. In: 680 
Neves, J., Santos, M., Machado, J. (eds.), EPIA 2007, LNAI 4874, pp. 395-405. 681 
 682 
Chilès, J-P., Delfiner, P., 2012. Geostatistics - Modeling Spatial Uncertainty. 2nd ed.John 683 
Wiley & Sons, New Jersey. 684 
 685 
Colhoun, E.A., Shimeld, P.W., 2012. Late-Quaternary vegetation history of Tasmania from 686 
pollen records. In: Haberle, S.G., David, B. (eds.), Peopled Landscapes: Archaeological and 687 
Biogeographic Approaches to Landscapes. Terra Australis 34. The Australian National 688 
University, Canberra, pp. 297-328.  689 
 690 
Collard, M., Buchanan, B., Hamilton, M., O’Brien, M.J., 2010a. Spatiotemporal dynamics 691 
and causes of the Clovis-Folsom transition. Journal of Archaeological Science 37, 2513-692 
2519. 693 
  694 
Collard, M., Edinborough, K., Shennan, S., Thomas, M.G., 2010b. Radiocarbon evidence 695 
indicates that migrants introduced farming to Britain. Journal of Archaeological Science 37, 696 
866-870. 697 
 698 
Connolly, J., Lake, M., 2006. Geographical Information Systems in Archeology. Cambridge 699 
University Press, Cambridge. 700 
 701 
Cosgrove, R., 1995. Late Pleistocene behavioural variation and time trends: The case for 702 
Tasmania. Archaeology in Oceania 30, 83-104.  703 
 704 
Cosgrove, R., 1996. ORS 7 rockshelter. In: Allen, J. (ed.), Report of the Southern Forests 705 
Archaeological Project. Volume 1. Site Descriptions, Stratigraphies and Chronologies. La 706 
















Cosgrove, R., Field, J., Ferrier, A., 2007. The archaeology of Australia’s tropical rainforests. 709 
Palaeogeography, Palaeoclimatology, Palaeoecology 251, 150-173. 710 
 711 
Croke, J., Jansen, J.D., Amos, K., Pietsch, T.J., 2011. A 100ka record of fluvial activity in the 712 
Fitzroy River basin, tropical northeastern Australia. Quaternary Science Reviews 30, 1681-713 
1695.  714 
 715 
David, B., Geneste, J-M., Whear, R.L., Delannoy, J-J., Katherine, M., Gunn, R.G., Clarkson, 716 
C., Plisson, H., Lee, P., Petchey, F., Rowe, C., Barker, B., Lamb, L., Miller, W., Hoerle, S., 717 
James, D., Boche, E., Aplin, K., McNiven, I.J., Richards, T., Fairbairn, A., Matthews, J., 718 
2011. Narwarla Gabarnmang, a 45,180 +/- 910 cal BP Site in Jawoyn country, southwest 719 
Arnhem Plateau. Australian Archaeology 73, 73-77. 720 
 721 
Dortch, J., Wright, R., 2010. Identifying palaeo-environments and changes in Aboriginal 722 
subsistence from dual-patterned faunal assemblages, south western Australia. Journ l of 723 
Archaeological Science 37, 1053-1064. 724 
 725 
Eales, T., Westcott, C., Lilley, I., Ulm, S., Brian, D., Clarkson, C. 1999. Roof fall cave, Cania 726 
Gorge: Site report. Queensland Archaeological Research 11, 29-42.  727 
 728 
Edwards, K., Murphy, A., 2003. A preliminary report on archaeological investigations at 729 
Malea Rockshelter, Pilbara Region, Western Australia. Australian Archaeology 56, 44-46. 730 
 731 
Fitzsimmons, K.E., 2007. Morphological variability in the linear dunefields of the Strzelecki 732 
and Tirari Deserts, Australia. Geomorphology 91, 146-160. 733 
 734 
Fitzsimmons, K.E., Cohen, T.J., Hesse, P.P., Jansen, J., Nanson, G.C., May, J-H., Barrows, 735 
T.T., Haberlah, D., Hilgers, A., Kelly, T., Larsen, J., Lomax, J., Treble, P., 2012. Late 736 
Quaternary palaeoenvironmental change in Australian drylands. Quaternary Science Reviews. 737 
http://dx.doi.org/10.1016/j.quascirev.2012.09.007  738 
 739 
Flood, J. 1980. The Moth Hunters. Aboriginal Prehistory of the Australian Alps. Australian 740 
















Godfrey, M.C.S., Bird, C.F.M., Frankel, D., Rhoads, J.W., Simmons, S., 1996. From time to 743 
time: Radiocarbon information on Victorian archaeological sites held by Aboriginal Affairs 744 
Victoria. The Artefact, 19, 3-51. 745 
 746 
Godwin, L., 2012. Creators Springing Forth: Aboriginal Use of, and Association with, 747 
Mound Springs in the Great Artesian Basin. Paper presented to the School of Social Science 748 
Staff Seminar Series, James Cook University, 11 May. 749 
 750 
Gould, R.A., 1969. Yiwara: Foragers of the Australian Desert. Scribner, New York. 751 
 752 
Gould, R.A., 1982. To have and have not: The ecology of sharing among hunter-gatherers. 753 
In: Williams, N.M., Hunn, E.S. (eds.), Resource Managers. Australian Institute of Aboriginal 754 
Studies, Canberra, pp. 69-91. 755 
 756 
Gould, R.A., 1991. Arid-land foraging as seen from Australia: Adaptive models and 757 
behavioural realities. Oceania 62, 123-130. 758 
 759 
Griffiths, M.L., Drysdale, R.N., Gagan, M.K., Zhao, J-X., Ayliffe, L.K., Hellstron, J.C., 760 
Hantoro, W.S., Frisia, S., Feng, Y-X., Cartwright, I., St Pierre, E., Fischer, M.J., Suwargadi, 761 
B.W., 2009. Increasing Australian-Indonesia monsoon rainfall linked to early Holocene sea-762 
level rise. Nature Geoscience 2, 636-639.  763 
 764 
Hanebuth, T.J.J., Stattegger, K., Bojanowski, A., 2009. Termination of the Last Glacial 765 
Maximum sea-level lowstand: The Sunda-Shelf data revisited. Glob Planet Change 66, 76-766 
84. 767 
 768 
Hartigan, J.A., 1975. Clustering Algorithms. John Wiley, New York. 769 
 770 
Hartigan, J.A., 1977. Distribution problems in clustering. In: Ryzin, J.V. (ed.), Classification 771 
and Clustering. Academic Press, New York, pp. 45-71. 772 
 773 
Hiscock, P., 1988. Prehistoric Settlement Patterns and Artefact Manufacture at Lawn Hill, 774 
















Hiscock, P., 2008. Archaeology of Ancient Australia. Routledge, Oxford.  777 
 778 
Hiscock, P., Wallis, L., 2005. Pleistocene settlement of deserts from an Australian 779 
perspective. In: Veth, P. Smith, M.A., Hiscock, P. (eds.), Desert Peoples: Archaeological 780 
Perspectives. Blackwell Publishing, Melbourne, pp. 34-57. 781 
 782 
Holdaway, S., Fanning, P., Rhodes, E., 2008. Challenging intensification: Human-783 
environment interactions in the Holocene geoarchaeological record from western New South 784 
Wales, Australia. The Holocene 18(3), 411-420.  785 
 786 
Johnson, B.J., Miller, G.H., Fogel M.L., Magee, J.W., Gagan M.K., Chivas, A.R., 1999. 787 
65,000 years of vegetation change in central Australia and the Australian summer monsoon. 788 
Science 284, 1150-1152. 789 
 790 
Jouzel, J., Vaikmae, R., Petit, J.R., Martin, M., Duclos, Y., Stivenard, M., Lorius, C., Toots, 791 
M., Mélières, M.A., Burckle, L.H., Barkov, N.I., Kotlyakov, V.M., 1995. The two-step shape 792 
and timing of the last deglaciation in Antarctica. Climate Dynamics 11, 151-161. 793 
 794 
Keen, I., 2004. Aboriginal Economy and Society: Australia at the Threshold of Colonisation. 795 
Oxford University Press, South Melbourne. 796 
 797 
Kershaw, A.P., Nanson, G.C., 1993. The last full glacial cycle in the Australian region. 798 
Global and Planetary Change 7, 1-9. 799 
 800 
Lambeck, K., Chappell, J., 2001. Sea level change through the last glacial cycle. S ience292, 801 
679-686. 802 
 803 
Lambeck, K., Esat, T.M., Potter, E-K., 2002. Links between climate and sea levels for the 804 
past three million years. Nature 419, 199-206. 805 
 806 
Lampert R.J., Hughes P.J., 1987. The Flinders Ranges: A Pleistocene outpost in the arid 807 
















Langley, M.C., 2009. Material Culture and Behaviour in Pleistocene Sahul: Examining the 810 
Archaeological Representation of Pleistocene Behavioural Modernity in Sahul. M.Phil. 811 
thesis, School of Social Science, The University of Queensland, Brisbane. 812 
 813 
Langley, M.C., Clarkson, C., Ulm, S., 2011. From small holes to grand narratives: The 814 
impact of taphonomy and sample size on the modernity debate in Australia and New Guinea. 815 
Journal of Human Evolution 61, 197-208. 816 
 817 
Long, J.P., 1971. Arid region Aborigines: The Pintubi. In: Mulvaney, D.J., Golson J. (eds.), 818 
Aboriginal Man in Australia. The Australian National University, Canberra, pp. 262-270.   819 
 820 
Magee, J., Miller, G.H., Spooner, N.A., Questiaux, D., 2004. Continuous 150 k.y. monsoon 821 
record from Lake Eyre, Australia: Insolation-forcing implications and unexpected Holocene 822 
failure. Geology 32(10), 885-888.   823 
 824 
Markgraf, V., Dodson, J.R., Kershaw, A.P., McGlone, M.S., Nicholls, N., 1992. Evolution of 825 
late Pleistocene and Holocene climates in the circum-south Pacific land areas. Climate 826 
Dynamics 6, 193-211. 827 
 828 
Marwick, B., 2002. Milly’s Cave: Evidence for human occupation of the inland Pilbara 829 
during the Last Glacial Maximum. In: Ulm, S., Westcott, C., Reid, J., Ross, A., Lilley, I., 830 
Prangnell, J., Kirkwood, L. 2002. Barriers, Borders, Boundaries: Proceedings of the 2001 831 
Australian Archaeological Association Annual Conference. Tempus 7. University of 832 
Queensland, Brisbane, pp. 21-33. 833 
 834 
McConvell P., 1996. Backtracking to Babel: The chronology of Pama-Nyungan expansion in 835 
Australia. Archaeology in Oceania 31, 125-44. 836 
 837 
Miller, G.H., Magee, J.W., Jull, A.J.T., 1997. Low-latitude glacial cooling in the Southern 838 
Hemisphere from amino-acid racemization in emu eggshells. Nature 385, 241-244. 839 
 840 
Morse, K., 1988. Mandu Mandu Creek rockshelter: Pleistocene human coastal occupation of 841 
















Neaves, L.E., Zegner, K.R., Prince, R.I.T., Eldridge, D.B., 2012. Impact of Pleistocene 844 
aridity oscillations on the population history of a widespread, vagile Australian mammal, 845 
Macropus fuliginous. Journal of Biogeography 39,1545-1563.  846 
 847 
O’Connor, S., Veth,  P., Hubbard, N., 1993. Changing interpretations of postglacial human 848 
subsistence and demography in Sahul. In: Smith, M.A., Spriggs, M. Fankhauser, B. (eds.), 849 
Sahul in Review: Pleistocene Archaeology in Australia, New Guinea and Island Melanesia. 850 
Occasional Papers in Prehistory 24. Department of Prehistory, Research School of Pacific 851 
Studies, Australian National University, Canberra, pp. 95-105. 852 
 853 
O’Connor, S., Veth, P., Campbell, C., 1998. Serpent’s Glen Rockshelter: Report of the first 854 
Pleistocene-aged occupation sequence from the Western Desert. Aust alian Archaeology 46, 855 
12-22. 856 
 857 
Ossa, P., Marshall, B., Webb, C. 1995. New Guinea II Cave: A Pleistocene site on the Snowy 858 
River, Victoria. Archaeology in Oceania 30, 22-35.  859 
 860 
Pardoe, C., 1993. The Pleistocene is still with us: Analytical constraints and possibilities for 861 
the study of ancient human remains in archaeology. In:. Smith, M.A., Spriggs, M., 862 
Fankhauser, B. (eds.), Sahul in Review: Pleistocene Archaeology in Australia, New Guinea 863 
and Island Melanesia. Department of Prehistory, Research School of Pacific Studies, 864 
Australian National University, Canberra, pp. 81-94. 865 
 866 
Peros, M.C., Munoz, S.E., Gajewski, K., Viau, A.E., 2010. Prehistoric demography of North 867 
America inferred from radiocarbon data. Journal of Archaeological Science 37, 656-664. 868 
 869 
Petherick, L.M., Moss, P.T., McGowan, H.A., 2011. Climatic and environmental variability 870 
during the termination of the Last Glacial Stage in coastal eastern Australia: A review. 871 
Australian Journal of Earth Sciences 58(6), 563-577. 872 
 873 
Reimer, P.J., Baillie, M.G.L., Bard, E., Bayliss, A., Beck, J.W., Blackwell, P.G., Bronk 874 
Ramsey, C., Buck, C.E., Burr, G.S., Edwards, R.L., Friedrich, M., Grootes, P.M., Guilderson, 875 
T.P., Hajdas, I., Heaton, T.J., Hogg, A.G., Hughen, K.A., Kaiser, K.F., Kromer, B., 876 















Turney, C.S.M., van der Plicht, J., Weyhenmeyer, C.E., 2009. IntCal09 and Marine09 878 
radiocarbon age calibration curves, 0-50,000 years cal BP. Radiocarbon 51(4), 1111-1150. 879 
 880 
Rittenour, T.M., Brigham-Grette, J., Mann, M.E., 2000. El Niño-like climate teleconnections 881 
in New England during the Late Pleistocene. Scicence 288, 1039-1042. 882 
 883 
Simmons, A., 2007 “Life in a Corridor”: An Archaeological Investigation of the Diamantina 884 
Channel Country – A Western Queensland Corridor. Ph.D. Thesis, University of Queensland, 885 
Brisbane.  886 
 887 
Slack, M., 2007. Between the Desert and the Gulf: Evolutionary Anthropology and 888 
Aboriginal Prehistory in the Riversleigh/Lawn Hill Region, Northern Australia. Ph.D. thesis, 889 
University of Sydney, Sydney.  890 
 891 
Slack, M., Fillios, M., Fullagar, R., 2009. Aboriginal settlement during the LGM in 892 
Brockman, Pilbara Region, Western Australia. Archaeology in Oceania 44, 32-39. 893 
 894 
Slack, M.J., Fullagar, R.L.K., Field, J.H., Border, A., 2004. New Pleistocene ages for backed 895 
artefact technology in Australia. Archaeology in Oceania 39(3), 131-137. 896 
 897 
Smith, M.A., 1988. The Pattern and Timing of Prehistoric Settlement in Central Australia. 898 
Ph.D. thesis. University of New England, Armidale. 899 
 900 
Smith, M.A., 1993. Biogeography, human ecology and prehistory in the sandridge deserts. 901 
Australian Archaeology 37, 35-50. 902 
 903 
Smith, M.A., 2005. Desert archaeology, linguistic stratigraphy, and the spread of the Western 904 
Desert language. In: Veth, P., Smith, M.A., Hiscock, P. (eds.) Desert Peoples Archaeological 905 
Perspectives. Blackwell Publishing, Massachusetts, pp. 222-242. 906 
 907 
Smith, M.A., 2013. The Archaeology of Australia’s Deserts. Cambridge University Press, 908 
New York. 909 
 910 















interactions in Australian drylands: Exploratory time-series analysis of archaeological 912 
records. The Holocene 18(3), 389-401.  913 
 914 
Stern, N., Allen, J. 1996. Pallawa Trounta shelter. In: Allen, J. (ed.), Report of the Southern 915 
Forests Archaeological Project. Volume 1. Site Descriptions, Stratigraphies and 916 
Chronologies. La Trobe University, Melbourne, pp. 169-193.  917 
 918 
Sturman, A., Tapper, N., 1996. The Weather and Climate of Australia and New Zealand. 919 
Oxford University Press, Oxford. 920 
 921 
Thackway, R., Cresswell, I.D., 1995. An Interim Biogeographic Regionalisation for 922 
Australia: A Framework for Establishing the National System of Reserves. Australian Nature 923 
Conservation Agency, Canberra.   924 
 925 
Ulm, S., 2002. Marine and estuarine reservoir effects in central Queensland, Australia: 926 
Determination of ∆R values. Geoarchaeology 17(4), 319-348.  927 
 928 
Ulm, S., 2006. Australian marine reservoir effects: A guide to ∆R Values. Australian 929 
Archaeology 63, 57-60.  930 
 931 
Ulm, S., 2013. ‘Complexity’ and the Australian continental narrative: Themes in the 932 
archaeology of Holocene Australia. Quaternary International 285, 182-192.  933 
 934 
Ulm, S., Reid, J., 2000. Index of dates from archaeological sites in Queensland. Queensland 935 
Archaeological Research 12, 1-129.  936 
 937 
Veitch, B., Hook, F, Bradshaw, E., 2005. A note on radiocarbon dates from the Paraburdoo, 938 
Mount Brockman and Yandicoogina areas of the Hamersley Plateau, Western Australia. 939 
Australian Archaeology 60, 58-61. 940 
 941 
Veth, P.M., 1989a. The Prehistory of the Sandy Deserts: Spatial and Temporal Variation in 942 
Settlement and Subsistence Behaviour within the Arid Zone of Australia. Ph.D. thesis, 943 
















Veth, P.M., 1989b. Islands in the Interior: A model for the colonisation of Australia’s arid 946 
zone. Archaeology in Oceania 24, 81-92. 947 
 948 
Veth, P.M., 1993. Islands in the Interior: The Dynamics of Prehistoric Adaptations within the 949 
Arid Zone of Australia. International Monographs in Prehistory, Ann Arbor. 950 
 951 
Wallis, L., Keys, B., Moffat, I, Fallon, S., 2009. Gledswood Rockshelter 1: Initial 952 
radiocarbon dates from a Pleistocene rockshelter site in northwest Queensland. Australian 953 
Archaeology 69, 71-74 954 
 955 
Webb, S., Cupper, M.L. Robins, R., 2006. Pleistocene human footprints from the Willandra 956 
Lakes, southeastern Australia. Journal of Human Evolution 50, 405-413 957 
 958 
Williams, A.N., 2012. The use of summed radiocarbon probability distributions in 959 
archaeology: A review of methods. Journal of Archaeological Science 39, 578-589. 960 
 961 
Williams, A.N. 2013. A new population curve for prehistoric Australia. Proceedings of the 962 
Royal Society B 280: 20130486. 963 
 964 
Williams, A.N., Smith, M.A., 2012. Austarch 2: A database of 14C and luminescence ages 965 
from archaeological sites in the Top End. Australian Archaeology 47, 146.  966 
 967 
Williams, A.N., Smith, M.A., 2013. Austarch 3: A database of 14C and luminescence ages 968 
from archaeological sites in southern Australia. Australian Archaeology 76, 102.  969 
 970 
Williams, A.N., Smith, M.A., Turney, C.S.M., Cupper, M., 2008. Austarch1: A database of 971 
14C and luminescence ages from archaeological sites in the Australian arid zone. Australian 972 
Archaeology 66, 99.  973 
 974 
Williams, A.N., Mitchell, P., Wright, R.V.S., Toms, P., 2012. A Terminal Pleistocene open 975 
















Williams, M., Cook, E., van der Kaars, S., Barrows, T., Shulmeister, J., Kershaw, P., 2009. 978 
Glacial and deglacial climatic patterns in Australia and surrounding regions from 35 000 to 979 
10 000 years ago reconstructed from terrestrial and near-shore proxy data. Qu ternary 980 
Science Reviews 28, 2398-2419.  981 
 982 
Wobst, M.H., 1977. Stylistic behavior and information exchange. In: Cleland, C.E. (ed.), For 983 
the Director: Research Essays in Honor of James B. Griffin. Museum of Anthropology, 984 
University of Michigan, Ann Arbor, pp. 317-342. 985 
 986 
Wyrwoll, K-H., Miller, G.H., 2001. Initiation of the Australian summer monsoon 14,000 987 
years ago. Quaternary International 83-85, 119-128. 988 
 989 
Wyrwoll, K-H., Dong, B., Valdes, P., 2000. On the position of southern hemisphere 990 
westerlies at the Last Glacial Maximum: An outline of AGCM simulation results and 991 

















Table 1. Optimum number of cluster centroids based on Figure 3. 995 
 996 
Figure 1. The impact of climate variability on Aboriginal populations in the Late-997 
Terminal Pleistocene (after Williams, 2013). Using a radiocarbon dataset of several 998 
thousand dates from archaeological sites across Australia (C) (all data were calibrated 999 
and data-binned into 250 year intervals; uncorrected data is presented as a stacked bar 1000 
chart with white bars = rockshelters and black bars = open sites; taphonomically 1001 
corrected data after Williams (2012) are presented as grey bars with a 600-year moving 1002 
average trendline), Williams developed a method of producing annual population 1003 
growth rates (GRAnn) for the last 50,000 years (A). (B) presents the same data as (A), but 1004 
using the taphonomically corrected data from (C). While overall the GRAnn in both (A) 1005 
and (B) shows an increase in population of 0.01% over the last 50,000 years, as 1006 
presented here the Terminal Pleistocene, especially the LGM and ACR (highlighted), 1007 
caused significant impacts to Aboriginal populations, with declines of up to 60% 1008 
observed through this period. See Williams (2013) for further explanation of methods 1009 
and discussion.  1010 
 1011 
Figure 2. Map of refugia, barriers and corridors for human occupation through the 1012 
Last Glacial Maximum (after Veth, 1989b, 1993).  1013 
 1014 
Figure 3. Map of all archaeological radiocarbon data for the Australian continent. The 1015 
dataset consists of a number of sequentially published regional datasets, which 1016 
cumulatively cover the entire continent within the limits of archaeological research. The 1017 
map shows archaeological sites containing radiocarbon dates used in this analysis 1018 
(squares). All other radiocarbon data (>25ka - <12ka) compiled by the authors is also 1019 
presented (dots) to demonstrate where archaeological research has occurred across 1020 
Australia, but failed to identify human activity during the LGM or ACR; using these 1021 
data, we infer where barriers to human activity may have been during the late 1022 
















Figure 4. Map showing the Interim Biogeographic Regionalisation for Australia (IBRA) 1025 
regions (after Thackaway and Cresswell, 1995) discussed in text. IBRA codes are also 1026 
listed and can be found in the original publication.  1027 
 1028 
Figure 5. Graph showing the optimum number of cluster centroids (k) based on the 1029 
elbow method. Optimum values varied between time intervals, but was generally 1030 
between 6 and 9 cluster centroids (refer to Table 1).  1031 
 1032 
Figure 6. Map showing the location of cluster centroids and MBRs by over-lapping time 1033 
slice and bioregion after Thackway and Cresswell (1995).  1034 
 1035 
Figure 7. Graph of MBR values (km2) for the eastern portion of Australia between 25-1036 
12ka.  1037 
 1038 
Figure 8. Map showing likely refugia (green) based on bioregions after Thackaway and 1039 
Cresswell (1995) and the analysis undertaken here. Only bioregions with two or more 1040 
clusters have been highlighted as refugia. The Pilbara has been identified in blue, and is 1041 
considered a refugium based on information outlined in the text. The edge of the 1042 
Nullarbor should also be considered a refugium, but highlighting the entire bioregion 1043 
here would have provided an unrealistically large area given all archaeological sites are 1044 
<20km from the coast. Areas without colour do not have enough information to 1045 
















• This paper uses a continental wide dataset of archaeological radiocarbon dates to explore 
human behaviour between 25-12ka.  
• Geospatial analysis shows hunter gatherers retreated into refugia as one response during the 
Last Glacial Maximum and Antarctic Climate Reversal, with expansion in the intervening 
period. 
• The analysis suggests a number of bioregions that would have acted as refugia across 
Australia – most receiving increased melt-water from glaciated regions. 
• The analysis corroborates and empirically supports LGM refugia models proposed in the 
1980s.  
• We identify areas for future research, including a focus on regional studies to determine 



































































































































Table 1.  
Fuzzy Time Slice  Median Age  Number of Cluster Centroids 
(k) 
25-23ka 24ka 6 
24-22ka 23ka 7 
23-21ka 22ka 6 
22-20ka 21ka 6 
21-19ka 20ka 8 
20-18ka 19ka 6 
19-17ka 18ka 9 
18-16ka 17ka 7 
17-15ka 16ka 8 
16-14ka 15ka 7 
15-13ka 14ka 7 
14-12ka 13ka 7 
 
 
